We present the analysis of high-resolution images of MOA-2013-BLG-220, taken with the Keck adaptive optics system 6 years after the initial observation, and identify the lens star as a solar type star hosting a super-Jupiter mass planet. The masses of planets and host stars discovered by microlensing are often not determined from the light curve data, while the star-planet mass ratio and projected separation in units of Einstein ring radius are well measured. High resolution follow-up observations, after the lensing event is over, can resolve the source and lens, determining their fluxes as well as the amplitude and direction of relative proper motion. This places strong constraints on the system's physical parameters. Due to the high relative proper motion of this event, µ rel,G = 12.6 ± 0.3 mas/yr, we were able to resolve the source and lens with a separation of 77.6 ± 0.4 mas. We measure the K band lens flux to be K L = 17.92 ± 0.05. By combining constraints from the light curve, the AO flux, and relative source-lens proper motion, we find the lens star to have a mass of M L = 0.89 ± 0.05 M located at D L = 6.96 ± 0.60 kpc; this implies that it is very likely to be in the Galactic bar. With a mass ratio of q = (3.26 ± 0.04) × 10 −3 from reanalysis of the light-curve, the planet is found to have a mass of M P = 3.06 ± 0.18 M J and a separation of r ⊥ = 2.69 ± 0.23 AU. This mass is much higher than the prediction from a Bayesian analysis with a uniform prior on the mass ratio distribution with host star mass, suggesting that planets with higher mass ratios, of order 10 −3 or greater, are more common orbiting higher-mass stars. This demonstrates the importance of follow-up high angular resolution observations. It will be possible to measure the metallicity of the host star with VLT MUSE observations in the near future. tational microlensing is currently the only method with enough sensitivity to detect cold planets around nearby stars, as well as stars in the Galactic Bulge. This is because the technique is not dependent on the luminosity of the host star. A limitation posed by gravitational microlensing, however, is the relatively low precision for physical parameter measurements, which is a consequence of uncertain host-star distance and mass. On the other hand, relative physical parameters, such as the mass-ratio, can be determined accurately for most events from the photometric light-curve. With the help
INTRODUCTION
Studying planets that lie beyond the snow-line is key to understanding the core-accretion theory (Lissauer (1993) ; Ida & Lin (2004) ; Kennedy et al. (2006) ). This parameter space is not easily probed by detection methods, such as radial velocity and stellar transits. Gravi-of high angular resolution follow-up observations taken 5-10 years after peak magnification, the light from the lens and source star can be accurately measured and constraints placed on their physical properties. Furthermore, for some events this time will have allowed the lens and source star to have separated enough to be observed independently (Bennett et al. 2007 Bhattacharya et al. 2018) .
High angular resolution observations can be taken with adaptive optics observation with Keck, VLT, MAG-ELLAN or SUBARU. Space based telescopes, such as the Hubble Space Telescope (HST) can also be used. An example of a follow-up observation where source and lens could be resolved with a separation of ∼ 60 mas, is OGLE 2005-BLG-169 (Batista et al. 2015; Bennett et al. 2015) . This event was observed with the NIRC2 adaptive optics system on the Keck telescope 8 years after the peak magnification occurred. With the new HST and KECK data, the initial model was refined and parameters constrained, revealing the system to be a Uranus-mass planet orbiting a K5-type main sequence star at a distance of 4 kpc.
The light curve modeling of the planetary microlensing event MOA-2013-BLG-220 revealed a large relative proper motion, and therefore a high chance of resolving both the lens and the source star. In this paper we present KECK follow-up observations of MOA-2013-BLG-220, to constrain the lens flux, and the relative source-lens proper motion. Using these new constraints we can revisit the physical parameters of the system.
MICROLENSING EVENT MOA-2013-BLG-220
Microlensing event MOA-2013-BLG-220 was identified and announced on 1st April 2013 by the Microlensing Observations in Astrophysics (MOA) collaboration. An additional alert was issued 46 hours later by µFUN which stated that the event was likely to be a high magnification event. This resulted in the Optical Gravitational Lens Experiment (OGLE) switching their telescope into "follow-up" mode, since it is typically dedicated to survey operations. MOA-2013-BLG-220 actually lay between OGLE's mosaic camera CCD chips, however since this was seen as an 'interesting' event, OGLE altered their pointing and increased their cadence. It was also observed by the Las Cumbres Observatory Global Telescope (LCOGT). The data, modeling and analysis of the light curve are presented in Yee et al. (2014) , where a planet was discovered with a relatively high mass ratio of q = (3.01 ± 0.02) × 10 −3 . Using the microlensing parameters (Einstein and source crossing time, t E and t * , respectively) and the angular size of the source, θ * , the Einstein ring radius was derived to be θ E = 0.456 ± 0.003 mas.
No Bayesian estimates of the physical parameters of the system were made by Yee et al. (2014) , as the results would have not been informative without microlensing parallax constraints. Constraints from the Einstein-ring radius mass-distance relation, the main-sequence massluminosity relation, and the Galactic rotation curve led the authors to conclude that the lens must be a lowmass disk star for maximum consistency with the light curve model. Thus, they predict that the lens should be at a distance D L < 6.5 kpc with a mass M L < 0.77 M . This would imply a planetary companion of M p < 2.4 M J . Yee et al. (2014) find a relative proper motion between the source star and lens of 12.5 ± 1.0 mas/yr. This meant that the event would be a good candidate for high-resolution follow up observations as the source and the lens will have separated within the next ten years since the initial observation.
FOLLOW-UP OBSERVATIONS WITH KECK
First, we reprocessed the cube of JHK data obtained as part of the VVV survey with the ESO VISTA 4m telescope centered on the target following the same procedure as in Beaulieu (2018) . This gave us a reference catalog both for photometry and astrometry. A followup observation of MOA-2013-BLG-220 was then conducted in 2015 using Keck's NIRC2 Adaptive Optics system instrument using the wide camera with a pixel scale of 0.04 arcsec per pixel. The filter used was in the K s short pass-band (hereafter K band), which resulted in 22 K s band images of 30 seconds each, taken at 5 dithered positions. Following a standard procedure outlined in Beaulieu et al. (2016) and Batista et al. (2014) , we subtracted the dark-current and flat-field before performing astrometry and then coadded the frames. The resulting stacked image had a Full Width Half Maximum of 100 mas. We ran the SExtractor program (Bertin & Arnouts 1996) to measure fluxes of the different sources in the field and calibrate them by cross-identifying the stars with the VVV catalog. We estimated that the error of the zero point of our calibration with 40 stars is 1.1 %. Using MOA images at high amplification we refined the RA, DEC position of the source to be (18:03:56.50 -29:32:41.0, J2000.0). Thus, we measured K source+blend = 16.75 ± 0.02.
On 27th May 2019, an additional high angular resolution follow-up observation of MOA-2013-BLG-220 was carried out using Keck's NIRC2 Adaptive Optics system. The images were taken using the narrow camera with a plate scale of 0.01 arcsec per pixel. We obtained 21 usable K band images with seeing ∼ 50 − 60 mas. The exposure times of these images are 30 seconds, with a dither of ∼ 2 arcsec. The images revealed that the source and lens already have a visible separation. From Yee et al. (2014) the lens and source have a relative proper motion of ∼ 12 mas per year. According to this, the separation between the two stars in May 2019 should be ∼ 75 mas. Therefore, the magnitude for each star can be measured individually.
Similarly to the 2015 data, this analyses included dark-current, flat-field and sky correction. Astrometric solutions were obtained using the GAIA DR2 catalog, and the frames were then stacked using SWARP (Bertin 2010) .
RELATIVE SOURCE LENS PROPER MOTION AND FLUX RATIO
A first approach would have been to simply do a double star fit using tools like DAOPHOT (Schechter et al. 1993) . We decided instead, to develop a new approach that will also be applied to systems where the source and lens are not resolved, such as (Bhattacharya et al. 2018 ). The objective is to provide accurate error estimates and correlations on the parameters we are focusing on, such as orientation and amplitude of relative source-lens proper motion and source lens flux ratio.
First, a numerical estimate is made of the point spread function (PSF). The PSF is reconstructed on a grid by stacking the brightest stars in the neighbourhood of the object of interest. The accurate position of each PSF is estimated by iterative Gaussian weighted centering. The PSF's are then interpolated and recentered in a common reference frame. Finally, we stack these PSF's and take a median value. The reconstruction of a system involving two close stars with the same PSF involves six independent parameters. These are, the position of the two stars (X 1 , X 2 ) (four parameters) and the flux of the two stars,A and B. However, this number of parameters can be greatly reduced if we use some basic constraints on the parameters. If the center of gravity of the system is a known quantity we introduce two constraints on the system, and if the total flux is known, we introduce an additional constraint. As a consequence, we are left with the reconstruction of only three parameters.
It is convenient to work in the reference frame of the system's center of gravity (G). In this frame a line passing through the center of mass of each star also intercepts the origin of the coordinate system. This system is defined by three parameters: the orientation of the line joining the points, θ, the flux ratio, ξ = A A+B , and the distance of each point to the center of gravity, (D1;D2). It is more convenient to use the the total distance D = D 1 + D 2 (which is the separation between the two stars) and the distance ratio ξ D = D1 D = 1 − ξ rather than D 1 and D 2 . These three parameters can be related to the other forementioned parameters through the following equations:
Here we define the vector U r = (cos(θ), sin(θ)). In practice it is convenient to estimate the PSF in a reference frame where its centre of gravity is at the origin. By doing so, the PSF coordinates are also the coordinates of its center of gravity.
Since in practice we have only the three independent parameters (θ, ξ D , D) it is possible to implement a simple grid search for the optimal χ 2 . This basic method could be applied directly to the data, but in practice one has to consider that the estimates of the total flux and center of gravity from the data are quite imperfect and noisy, and as a consequence may affect the quality of the reconstruction. The aperture evaluation may be particularly inefficient and sub-optimal if the PSF has large wings, which is the case here.
As a consequence, we evaluate the total flux and center of gravity in an aperture radius. Using this as a first guess, we conduct a non-linear optimization of these three parameters to minimize the χ 2 for each estimate of the other three parameters (θ, ξ, D). Since the initial estimation of the total flux and center of gravity is by construction close to the real value, the non-linear refinement procedure always converges quickly with only a small change of the initial guess. This eliminates degeneracy in the refinement procedure, and so, we are only left with a grid search for the best χ 2 in the (θ, ξ, D) space. Finally, we take the best value of the (θ, ξ, D) and their associated refined total flux and center of gravity position, and perform a small non-linear optimization of all six parameters in the vicinity of the χ 2 minimum, to obtain the final parameter values. Note that for this particular case there is no ambiguity or degeneracy in the solution since the two components are clearly resolved in the image. We also checked the local grid around the best parameters and found no indication of a correlation between the parameters. Thus we find the source-lens distance D = 77.63 ± 0.42 mas, flux ratio ξ = 0.3367 ± 0.0024 and angle θ = 2.7712 ± 0.0035 radians.
To estimate the errors on the separation D, flux ratio ξ and the orientation angle θ, we take the original data and add noise according to the Poisson expectation for the data. We then re-run the procedure to obtain the new best parameters. Considering that by adding noise we change the optimal parameters only by a small amount we find that it is not useful to re-run the grid search. As a consequence we re-run only the final global optimization procedure. We performed 1000 simulations by adding Poisson noise to the data to obtain the standard deviation for the separation σ D = 0.025 and the standard deviation for the flux ratio σ ξ = 0.0025. For a general view of the simulations results in the separation versus flux ratio plane, see Figure. 2.
Knowing the flux ratio ξ = 0.3367 ± 0.0024 and the calibrated source+lens flux in K band from the 2015 observation K source+blend = 16.75 ± 0.02, we derive the K magnitude of the source and the lens : The follow up observations were taken 6 years after the initial observation in 2013, therefore we can deduce that the heliocentric relative proper motion of source and lens is µ rel,H = 12.61 ± 0.02 mas/yr. The light curve model incorporates a geocentric reference frame, however, so our proper motion needs to be converted using the following relation (Dong et al. 2009a) :
where, ν ⊕ is the Earth's projected velocity relative to the Sun at the time of peak magnification. For MOA-2013-BLG-220, this is ν ⊕ = (3.2, 6.6) kms −1 (Yee et al. 2014 ). Since the distance to the lens and the source is great, the difference between µ rel in geocentric and heliocentric coordinates is insignificant, as we calculate a µ rel,G = 12.59 ± 0.30 mas/yr. In addition to follow up observations, our analysis of this event also includes remodeling the light curve which was previously presented in Yee et al. (2014) . The reanalyses uses the same image data as Yee et al. (2014) , but the MOA, CTIO and B&C data were re-reduced using the procedure outlined in Bond et al. (2017) . This includes detrending of the MOA data to remove systematic errors such as chromatic differential refraction, which can have a significant effect on microlensing light curves (Bennett et al. 2012 ). This detrending was not included in the original analyses. The modelling follows a method summarized in Bennett & Rhie (1996) and Bennett (2010) , where an image-centered ray-shooting method is adopted. To determine the source brightness, a weighted combination of the MOA and CTIO data were taken, which was calibrated to the OGLE-III photometry catalogue (Szymański et al. 2011 In order to derive the angular source radius, we determined the centroid of the red clump magnitude for stars within 2 arcmin from the target in the OGLE-III photometry catalog. Then we compared the observed magnitude and color to the intrinsic extinction corrected magnitudes for Galactic bulge red clump stars at the Galactic longitude for this event to determine the extinction (Nataf et al. 2013 ). This yields an extinction of A I = 1.175 and A V = 2.145, and from this, we find the dereddened source color and magnitude to be (I, V − I) S,0 = (17.874, 0.477) ± (0.013, 0.078). Using the surface brightness relationship from Boyajian et al. (2013) :
REVISITING THE LIGHT CURVE MODEL
we calculate the source star angular radius to be θ * = 0.673 ± 0.053 µas, which is slightly smaller but compatible with the Yee et al. (2014) value of θ * = 0.704 µas.
A Markov-Chain-Monte-Carlo (MCMC) simulation was performed and a Galactic rotation prior (Bennett et al. 2014 ) was applied to these modeling results, which included constraints on the lens-source relative proper motion, µ rel,H , in the heliocentric frame that is derived from the lens-source separation measured in the Keck images. This method is described in Bhattacharya et al. (2018) . The new model, including the Galactic rotation prior is summarized in Table 4 .
Significant differences can be seen in the t E and q values, where t E saw a decrease from 13.23 days to 11.43 days and q saw an increase from 3.01 to 3.25 (×10 −3 ). These changes are likely to be due to the new, detrended MOA photometry. The uncertainty on θ E is dramatically decreased due to the constraint on µ rel,H . These values imply further constraints on the physical parameters of the system, such as the host and planet mass, as well as their distance from the Earth.
A graphical summary of the results can be seen in Figure 4 (further discussed in Section 7) where constraints on the physical parameters of the system can be seen with (in red) and without (in blue) Keck constraints.
PLANETARY SYSTEM PARAMETERS
The distance to the planetary system and the lens mass can be determined by the intersection of the massdistance relations. This can be established by combining the lens magnitude measurement with empirical massluminosity relations. The first mass-distance constraint is derived from the Einstein ring radius, θ E , which equals to 0.393 ± 0.005 mas in this case. Because both stars are resolved θ E is very tightly constrained. The error seen on Figure 4 for this constraint is primarily due to the uncertainty on the distance to the source, which for this event is D S = 8.19 ± 0.76 kpc, as found from the OGLE photometry. The first constraint is shown in equation 4.
Where M L is the lens mass, D L is the lens distance and κ = 8.144 mas M −1 .
An additional constraint on the mass-distance relation can be implemented through the combination of isochrones with the measured NIR magnitude for the lens from Keck. This constraint is expressed as:
Where M isochrone is the predicted absolute magnitude for a given mass (M L ) of the lens, age and metallicity. The interstellar extinction in K -band along the lens' line of sight is given by A K,L . The extinction is determined from the VVV Extinction Calculator (Gonzalez et al. 2011 ) and we obtain A K,L = 0.17±0.02. The isochrones used for this constraint are the 6.4 Gyr population from Girardi et al. (2002) . Plotting these constraints on Figure 4 we can determine the mass and distance of the lens from where both intercept. The isochrone constraint is shown in red, where the dashed lines indicate the error on the measured lens magnitude. The θ E constraint is shown in green. Yee et al. (2014) provides constraints on the lens mass and distance based on an estimate of an upper limit on the lens brightness, which is shown in blue in Figure 4 . However, Yee et al. (2014) had neglected to consider the amount of unresolved stellar flux that contributes to the unresolved background in seeing-limited images.
Thus we find that the lens has a mass of M lens = 0.89±0.05 M and is at a distance of D lens = 6.96±0.60 kpc. Using the mass ratio q = (3.26 ± 0.04) × 10 −3 we can now derive the planet's mass, which we find to be M p = 3.06 ± 0.18 M J , thus confirming the detection of a high-mass gaseous planet. Furthermore, we can calculate the planet's separation from the lens by using equation 6:
where s is the projected separation from the remodelled light curve model. Thus, we find the planet to be at r ⊥ = 2.69 ± 0.23 AU.
DISCUSSION AND CONCLUSION
We have detected the planetary host star for microlensing event MOA-2013-BLG-220, and determined that the system comprises of a gas giant orbiting a solarlike star. Using high angular resolution follow-up observations from Keck we have resolved the source and the lens to a separation of ∼ 78 mas in the K band, enabling us to accurately measure their flux. Using these constraints and additional photometric light curve data that were excluded by Yee et al. (2014) , we improved upon previous modeling and refined system parameters. In particular, the Einstein radius crossing time was determined to be slightly smaller than previously estimated by Yee et al. (2014) , at t E = 11.43 days. In addition, the system's mass ratio saw an increase to Figure 5 . Distributions for the Bayesian posterior probability for the planetary and host star mass, their separation and the distance to the lens. These are shown with only light curve data (blue) and with additional constraints from Keck (red). The central darker shades represent the 68.3% of the distributions, and the lighter shades the 95.4% of the distributions. The black vertical line indicates the median of the probability distribution for each parameter q = 3.26 × 10 −3 . Our results indicate that the system is composed of a M L = 0.89 ± 0.05 M star orbited by a M p = 3.06±0.18 M J planet at a projected separation of 2.69 ± 0.23 AU. This of course is just the instantaneous projected separation; the eccentricity and orbital semimajor axes are unknown. However, true orbital radii must be equal to or larger than the projected separation, which puts this gas giant beyond the snow line for a late G-type star. Figure 5 demonstrates these results and in particular, emphasizes the importance of follow up observations and the tight constraints that they place on the physical parameters of the system.
One of the most interesting features of Figure 5 is that the host mass is much more massive than the prediction made from the Bayesian analysis, which assumes that stars of all masses are equally likely to host planets of a given mass ratio (i.e., a uniform prior on the distribution of mass ratios with planetary host mass was assumed). The measured mass is at the 93rd percentile of the predicted distribution shown as the blue histogram. This is nearly identical to the situation with MOA-2007-BLG-400 (Dong et al. (2009b) , Bhattacharya et al., 2019 (in prep) ), which has a similar mass ratio and also has a host star located in the bulge that is in the 94th percentile of the predicted mass distribution.
Traditionally, the core accretion theory predicts that a planetary core will grow rapidly beyond the snow line via the accumulation of planetesimals, until a core of mass ∼ 10 M ⊕ is reached. Beyond this mass the planet is predicted to grow slowly by gas accretion until the gas mass equals the core mass, which is supposedly when the process enters the "runaway gas accretion" phase. The planet is expected to continue its rapid growth until it has consumed all the surrounding gas and reached a mass similar to Jupiter (> 10 2 M ⊕ ). However, recent microlensing results have challenged this "runaway gas accretion" process (Suzuki et al. 2018 ). On the theoretical side, Szulágyi et al. (in prep) has conducted high resolution, three-dimensional, planet formation simulations that do not support the "runaway gas accretion" process.
Studies of radial velocity data (Clanton & Gaudi 2014) indicate that there is a positive correlation between the occurrence of Jovian planets and stellar mass (e.g. Johnson et al. (2007) , Johnson et al. (2010) ), with the implication that higher mass stars (M > 0.5 M ) are richer in solid material to create massive cores at a fast enough rate to begin the gas accretion process before the gas disappears. Microlensing surveys however, have indicated that giant planets do exist around lower mass stars although these planets tend to be found beyond the snow line (Bennett et al., in prep) . It should be noted that in radial velocity surveys they are comparing masses of stars to a fixed planetary mass, whereas microlensing surveys consider a fixed mass ratio which is more precisely known for these types of studies.
In Suzuki et al. (2016) the cold exoplanet mass ratio function is measured, predicting that the number of planets detected should increase as the mass ratio drops to smaller values, which is expected according to the runaway accretion process of the core accretion theory. However, from observations the mass ratio rises smoothly until approximately q ≈ 10 −4 where it reaches its peak and drops off drastically. However, core accretion predicts a gap in the distribution of planets at mass ratios of 1-4 × 10 −4 (Suzuki et al. 2018 ). This roughly corresponds to intermediate planetary masses between 20-80 M . On the other had, there are two microlens planets with measured masses of ∼ 40M ⊕ (Beaulieu et al. 2016; Bhattacharya et al. 2018 ). This could imply that "runaway gas accretion" does not occur, as Szulágyi et al. (in prep)'s calculations suggest. A possible complication is that the Suzuki et al. (2016) analysis only considers mass ratios, rather than host star and planet masses. It could also be the case that "runaway gas accretion" does occur for some or all planetary systems, but the evidence of this might be smoothed out when combining different host star masses.
The MOA-2013-BLG-220 and MOA-2007-BLG-400 results may suggest that planets with q = 2-4 × 10 −3 are more likely to form around massive stars. Another possibility is that the MOA-2013-BLG-220 and MOA-2007-BLG-400 are more likely to host the planet because of their location in the Galactic bulge or inner disk. Studies on the Galactic disk metallicity gradient (Cheng et al. 2012 ) and the Galactic bulge (e.g., Barbuy et al. 2018 , and references therein) reveal that stars located in the inner galaxy (such as the host star of MOA-2013-BLG-220) are statistically more likely to be higher in metallicity. This suggests that giant planet formation can take place even around lower mass stars in the galactic bulge, compared to the Solar neighborhood.
This analyses demonstrates the benefits of high angular resolution follow-up observations several years after the event has occurred, because the lens and source can be resolved. This allows for accurate measurements of the lens magnitude, which when combined with other constraints (such as θ E ), can help determine the physical parameters of the system. Having precise mass measurements of both lens and planetary companion is key to understanding planet formation.
